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RESEARCH MEMCRANDUM

LTFT-CURVE SLCPES DETERMINED IN FLIGHT ON
A FLEXTBIE SWEPT-WING JET BOMBER

By William S. Alken, Jr., and Raymond A. Fisher
SUMMARY

An analysis is made of the effects of Mach number and dynamic pres-
sure on the lift-curve slope of a large flexible swept-wing Jet-propelled
airplane by using flight measurements of normal acceleration and angle of
attack with auxiliary instrumentetion as needed. The methods and proce-
dures used to correct the flight measurements (obtained in abrupt push-
pull maneuvers) and to convert the flight test data to equivalent rigid
conditions for comparison with rigid-model wind-tunnel tests are described
in detsil. The airplane angle of zero 1lift and the airplane-less-tail
angle of zero lift for the Mach number range of the flight tests (0.2
to 0.81) are also presented. Excellent agreement was obtalned in the com-
parison between flight and wind-tunnel rigid lift-curve slopes and angles
of zero 1lift.

INTRODUCTION

The lift-curve slope and the effects of wing flexibility on the 1lift-
curve slope are important factors in the design of present-day aircraft.
Generally, design values of lift-curve slope are based on rigid-model
wind-tunnel results and theoretical methods for estimating the effects of
flexibility on wing-load distributions and thereby on airplane lift-curve
slope. Actuslly, little information exists where these design procedures
have been verified experimentally. As & result of an extensive flight
investigation carried out by the Nationel Advisory Committee for Aeronautics
with a large flexible bomber airplane sufficient lift-curve-slope data were
obtained over a fairly wide range of Mach number and dynsmic pressure in
quasi-static maneuvers to attempt an analysis. Some preliminary values of
rigid-airplane lift-curve slope estimated from flexible-alrplane flight
test values obtained at one altitude have been previously presented in
reference 1.

A principel objective of the present report is to show the comparison
of rigid-airplane lift-curve slopes derived from flexible-airplane flight
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test values with values of rigid lift-curve slope obtained from wind-
tunnel tests. An equally important obJective is the development of a
rational method for obtaining rigld lift-curve slopes from flexible
flight test values. This rational method is essentlally the reverse of
standard procedures used in design for estimating the effects of flexi-
bility on airplane lift-curve slope. The report is organlzed to show
the step-by-step analysils procedure followed from raw data to the finsl
rigid lift-curve-slope varistion with Mach number. The more or less
standard corrections to angle of attack and airplane-normal-force-
coefficient measurements are described in detail and a method for
accounting for recorder lag necessary for the present analysis is glven.
In addition, eangles of zero 1lift determined from the flight tests are
correlated and compared with wind-tunnel results.

SYMBOLS
A,B defined by equstion (22)
R aspect ratio
., _ two-dimensionael lift-curve slope, per degree
CNA alrplane normal-force coefficient
CNA alrplane normal-force coefficient corrected for pitching-
c acceleration teil losd and defined by equation (Al3)
CﬁAC time derivative of CNAC
cNAtrim airplane normal-force coefficient for trim in level flight
ACy aa incremental wing-fuselage normal-force coefficient due to
a additional type of loads, includes wing flexibility effects
ACNi incremental wing-fuselage normel-force coefficlent due to
wing inertia flexibility effects
ACNR incremental wing-fuselage normel-force coefficlent for rigid
wing case -
ASNT incremental total wing-fuselasge normal-force coefficient,

includes wing flexibility effects

d g
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defined by equation (Al2)

tail load, 1b

Mach number

wing area, sq ft
taill area, sq ft

true airspeed, ft/sec
alrplane welght, 1b

slope of measured airplane normal-force coefficient (3 = 0)
against angle of attack, per deg

faired slope of flexible tail-on normal-force coefficient
against angle of attack, per deg

calculated slope of additional flexible wing-fuselsge normal-
force coefficlent against angle of attack, per deg

measured or celculated slope of flexible tail-off normal-
force coefficient ageinst angle of attack, per deg

faired slope of flexible taill-off normsl-force coefficient
against angle of attack, per deg

slope of rigid tail-off normal-force coefficient against
angle of attack, per deg

weighted mean values of mg, per deg

normel load factor at angle-of-sttack vane, g units
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Dy measured normel load factor at accelerometer location,
g units - - :

ncg nonmal.lead factor at airplane center of gravity, g units

An incremental load factor, g units

q dynamic pressure, Ib/sq £t

r boom radius or approximate radius of fuselage nose, in.

t time, sec

W weighting factor

X distance of angle-of-attack vane forward of nose, in.

X distance of angle-of-attack vane frqm airplane center of
gravity, £t -

Y distance of vane from boom center line, in.

o4 angle of attack, deg

aq angle of attack measured with respect to fuselage reference
axis, deg

do apparent-true angle of attack with respect to fuselage refer-

ence axis, uncorrected for recorder lag, deg

oz true angle of-attack with respect to fuselage reference axis,
corrected for recorder lag, deg

Lt yim true corrected angle of attack for trim in level flight, deg

Oy wing angle of esttack with respect to free air stream, deg

Aala increment in measured angle of attack due to bending of boom
under aerodynsmic load, deg

Aali increment in measured angle of attack due to inertia bending
of boom, deg -

A“lé increment in measured angle of attack due to pitching velocity,
deg

bop _ increment in wing root angle of attack, deg
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angle of zero 1lift (airplane tail-on)

angle of zero 1lift (airplane tail-on) determined from equa-
tions of form of equation (26), deg

angle of zero 1lift (airplane teil-off) determined from equa-
tions of form of equation (29), deg

angle of zero lift (airplane tall-on) defined in equation (30),

deg

time rate of change of true corrected angle of attack,
deg/sec

average root elevator angle for trim in level flight, deg

upwash at vane due to boom

upwash at vane due to fuselage

upwash at vane due to wing

sweep angle of wing quarter-chord line, deg

ratio of distance of angle-of-attack vane from wing
25-percent-chord location at center line to wing semispan

airplane pitching velocity, radian/sec

airplane pitching acceleration, radian/sec2

downwash factor

tail lift-curve slope in terms of tail angle of attack,
per deg

tall lift-curve slope in terms of root elevator angle,
per deg

defined by equation (15)

Bar over a symbol Indicates geocmetric mean value.

R
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APPARATUS AND TESTS

Airplane

The airplane used for this investigation was a six-engine, swept-
wing, jet-propelled medium bomber. A photograph of the test airplane is
shown in figure 1, and pertinent characteristics and dimensions used in
this report are glven in table I.

Instrumentation

The data used in the reduction and analysis given in the present
paper were obtalned from standard NACA recording instruments.

Normal accelerations were measured by both a single-component and
& three-component sir-demped accelerometer. Angular velocities and
accelerations in pltch were messured by a rate-gyro-type, electrically
differentiating, magnetlcally damped turnmeter. The angle of sttack was
measured by & flow-direction vane mounted on an NACA pitot-static head.
The head was attached to a boom alined with the longitudinal axis of the
alrplane and was located approximately one fuselage diameter shead of the
original nose. The instellation is shown in figure 2.

The recorded data were synchronized at O.l-second intervals by means
of a common timing circuit. ~All instruments were damped to about 0.67
of critical damping. A sumary of gquantities meassured, instrument loca-
tlons, and accuracies 1s given in the followlng table:

Measurement Instrument |Instrument
Quantity measured
statlion range accuracy
Normal acceleration,
g units -
Single component . . . .|34.2 percent M.A.C. 0 to 2 0.005
Three component . . . .|34.2 percent M.A.C. -1 to & 0.0125
Pitching velocity, ’
radians/sec . « « « « « of 25 percent M.A.C. +0.25 0.005
Pitching acceleration,
radians/sec2 . . . « « . | 25 percent M.A.C. +£0.50 0.010
Angle of attack, deg . . . . 117 in. ahead of +30 0.10
original nose
Dynamic pressure, 1b/sg ft . 140 in. ahead of| O to 800 1.00
original nose _
Static pressure, 1b/sq £t . 152 in. ahead of| 0 to 2,200 2.00
original nose
Time, 88C o ¢ o« ¢« s ¢ ¢ o o] ==—mccmcmaaaa- e Approx.
- 0.005
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Tests

All tests were made with the airplane in the clean condition. The
flight data evaluated were taken from 68 push-down pull-up maneuvers
made at pressure altitudes of aspproximately 20,000, 25,000, 30,000,
and 35,000 feet and an overall Mach number range of 0.427 to 0.812. The
tests were mede at forward and normel center-of-gravity positions and
airplane weights ranging from 107,000 to 127,000 pounds. Table II is a
summary of the flight conditions for these runs. TIn the teble are listed
the flight and run numbers, average Mach number, average dynamic pressure,
test altitude, weight, and center-of-gravity position. The Mach nunber
and dynsmic-pressure changes during any test run are indicated in the
appropriate columns of table II.

METHCODS AND RESUITS

The data-reduction and analysis procedures for determining the air-
plane lift-curve slope from quasi-static meneuvers in flight and for con-
verting these results to rigid wing values for comparison with wind-tunnel
data are somewhat camplicated. Thus, the followlng sections present in
detail:

(a) The corrections to the basic flight measurements of angle of
attack and normael ecceleration for the determination of airplane lift-
curve slope

(b) A method of determining the lift-curve slope when lag is present
in the angle-of-attack recording system

(c) The values of lift-curve slope for the test airplane for the
68 test maneuvers used in the analysis

(a) A method for determining values of tail-off lift-curve slope
for the rigld airplane from f£flight test values .

(e) A comparison of rigid airplane lift-curve slopes and rigid model
wind-tunnel data

(f) The determination of the tail-off angle of zero 1lift

Baslec Data

The basic data required for the present analysls are time histories
of angle of attack and of ailrplane normal-force coefficlent. In the
appendix, the method of correcting the measured angle of attack to account

—d
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for upwash, pitching velocity, and boom deflectlons are given in detail
along with the corrections spplied to normel-force coefficient to account
for the effects of pitching acceleration. The corrected angle of sttack
used 1in the anaslysis is glven for the particular angle-of-attack meas-
urement installstion of the present tests by equation (A8) of the appen-
dix as S - C N - . . :

ap = 0.91a) - O.11 + 3034 %+- 0.322(ny - 1)+ 0.5938 (1)

and the airplane normal-force coefficlent corrected for imnstrument loce-
tion and out-of-trim tail load is given by equation {Al3) of the appen-
dix ag . . R - PR - . — . . - .

_ oW O.hOEW( _c.g\w | 19.61 u '
CNAC —'q_S ‘+. s 0.5)4-2 100/9 + 1 %) (2)

Normally, if the foregoing corrections have been made to the meas-
ured sngles of attack (eq. (1)) and messured normel-force coefficilents
(eq. (2)) and if the lift-curve slope is constant over the angle-of-
attack range considered, the following equation mey be used to express
the linear relationshlp between the normal-force coefficient at the
center of gravity and the alrplane angle of attack:

Crpg = am(a - ao) (3)

Time historles of CNAC and measured ap are shown in flgures 3

and 4 by the square symbols for two typical push-pull maneuvers at a

pressure altitude of approximately 35,000 feet. The flight conditlons
existing during these maneuvers are listed in table IT. Also shown in
time history form in figures 3 and 4 by circular symbols are the meas-
ured load factor at fuselage station 638 (34.2 percent of the wing .
M.A.C.), the pitching velocity &, the pitching acceleration 8, and

the measured angle of attack ay. A shift or time lag exists between

CNAC and @, which is 1llustrated more clearly in figures 5 and 6
where plots of CNAC against oo, seem to show nonlinear varlations of

normal force with alrplane angle of attack.

Determination of lift-curve.slopes wlth lag present in the angle-
of -atteck recording system.- The nonlinearities which appear in fig-
ures 5 and 6 indicate that all corrections necessary to determine 1lift-
curve slope have not been spplied. These nonlinearitlies were traced to
lag in the recording Autosyn of the angle-of-attack measuring system.
Although this recording instrument had a high enough natural frequency

S
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(10 cps) for recording accurately most pitching msneuvers possible with
the test airplane, 1t was thought that leakage of o0il into the bearings
of the Autosyn recelver unit at low temperatures changed the dsmping
characteristics of the recorder so that a time lag was introduced. The
lag was not determinsble through calibrations or experiment since the
amount of oil in the bearing and temperature of the unit could not be
determined for the flight test conditlions. Limited data obtained in
tests subsequent to those reported here showed a linear variation of
CNAC with ap. Since these maneuvers were as abrupt as any reported

herein, this precluded dynamic response of wings or fuselage as the
cause of the lag loops described in the present paper.

Analysis of a large portion of the data used for the present report
indicated that the angle of attack corrected for lag az could be repre-

sented by the following equation:
Ao
a5 = ap + —2(Lag) ()
A procedure was therefore adopted which would permit the evaluation
of lift-curve slope &, and angle of zero 1lift agy without directly
: dov
determining elther Efz or the lag. The time derivatlve of the correct

angle of attack g%z is still unknown but it is by definition propor-
+ional to CﬁAC so that equation (4) may be rewritten as

La
az = oy + (ams) CﬁAG (5)

Substituting equation (5) into equation (3) makes it possible to
determine the lift-curve slope and angle of zero lift (ag) from readings
of an Where lag effects are suspected as

ap = éﬁ CHAC + ag - iéz%l CﬁAC (6a)

With equations of the form of (6a), the flight date may be least
1 (Lag)
&y’ am
with the measurement errors assocliated with the angle of attack o e

squared to determine values of the coefficlents Qs and

Results for two speclfic maneuvers.- The coefficients resulting
from least-squares solutlions for the two sample maneuvers (figs. 3 and k)
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using equation (6a) are given in the following table. For comparison
purposes to indicete the improvement 1n fit, the coefficlents were also

calculated without the lag term from
=L oy, + (6p)
°"2"am AC (o]

which is, of course, an equation normally used for cases where there is
no lag. The table also contains the standard errors of the coefficients,
the number of test points used in the solutions, and the standard errors

of estimate s:

Number . 1 . Lag Standard
of Type = Wy s —=, | error,
Flight|Run |Figure am o am
points solution " 8,
used deg deg deg-sec deg
1 o |Eauation (6b){10.54 £ 0.48(-2.35 £ 0.27 |~memcaccaman £0.49
9 3,3 30 |Equation (6a)|11.16 t 0.12[-2.60 * 0.07|-1.k2 % 0.07] #.12
Equation (6b)|11.26 t 0.31|-2.67 T 0.18|-rmm—camanam 10.30
12 | 6 [ 4,6 27  |Equation (6a)|11.78 * 0.11|-2.89 * 0.06|-0.76 * 0.05| %.10

The angles of attack as computed from the coefficilents given in
the preceding table for both sample msneuvers are shown in time history
form in figures 3 and 4. The points are lsbeled with the equation num-
ber (6b) or (6a) from which they were calculated. The calculations made
using the coefficients of equation (6a) are seen to approximate closely
the time history of the angle of attack as. In figures 5 and 6, air-
plane normel-force coefficients are plotted as a function of the angle
of attack corrected for lag a3 (eq. (5)). Also shown in figures 5
and 6 are the 1lift curves determined from the éi? and ag coefficients

using equation (6a).

The significant improvement in fitting the data with the inclusion
of a lag parameter mey thus be seen by reference ta figures 3 and 4 where
the time histories of a, are successfully duplicated, to figures 5 and 6
where the normal-force curves are linearized by the use of o s and to
the previously presented table of results where the standard errors of
estimate show & considersgble decrease with the inclusion of & lag
parameter.

The éi- coefficients for the two representative runs are seen to

be in reasonable agreement. Lift-curve slopes a, obtained from the
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gsolutions of equation (6a) would be 0.0896 for flight 9, run 1 and
0.0849 for flight 12, run 6.

The values of the angle of zero lift ay listed in the table are
thought to vary from run to run due to center-of-gravity, Mach number,
and dynemic-pressure effects. For the two cases given, the standard
errors of estimete s of ¥0.12° and t0.10° are considered to be accept-
able since the basic reading accuracy for the angle-of-attack recorder
is estimated to be *0.1°.

Lift-Curve Slope Variation With Mach Number
and Dynamic Pressure

After establishing the method for correcting for the lag due to
instrument characteristice, all 68 push-pull maneuvers were analyzed by
using equation (6a) to determine both the airplane lift-curve slope and
the angle of zero lift. The results of these computations are listed
in table III with identifying run numbers, number of points used, stand-
ard errors of fit s, and average values of M and q. The runs are
listed according to the approximste altitude and by increasing Mach num-
bers. The lag coefficients are not included since this was a byproduct
necessary only to cbtain the results.

The standard errors listed in teble IIT are, with a few exceptions,
considered to be acceptable since as was previously stated the estimated
measuring accuracy for angle of attack was £0.10°.

The values of a; listed in table III are shown plotted in fig-

ure 7 as & function of Mach mumber. In figure T different test-point
symbols are used to differentiate the approximate altitude groupings of
20,000, 25,000, 30,000, and 35,000 feet. It was seen that considerable
scatter existed in these data even for any particular altitude; however,
two general trends may be noted: (1) There is the expected increase in
lift-curve slope with increasing Mach number and (2) with increasing
dynamic pressure for constant Mach number, the lift-curve slope decreases.

Conversion of flight data to rigid wing-fuselsge values.~ In order
to determine lift-curve slopes for the rigid wing-fuselage combination
for comparison with similar wind-tunnel data, it was first necessary to
correct the flight tail-on lift-curve slopes to tail-off conditions by
the use of the following equation:

ALp :
& by (0

mf:&m-
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The tall loads were meassured for the maneuvers considered here. The
velues of me from equation (7) are plotted in figure 8 and, at the

high values of Mach numbers for any glven altitude, the scatter 1s some- ’
what less than the scatter for the tail-on values of ay glven in

figure 7. . S
The next step 1n the procedure is to establish the equations neces-

sary for converting the flexible lift-curve slopes to equivalent rigid

conditions. These equations are the same egquations as would be used for

calculating flexible results from rigid data. The lncremental 1ift on a
flexible wing surface may be expressed in coefficlent form as

ACNp .= ACN, 4 + ACNy (8)

where ACNT is the Ilncremental total wing-fuselage normal-force coef-

flcient including merodynamic and inertia flexibillty effects, ACNadd

is the Incremental wing-fuselage normal-force coefficient due to addi-
tlonal type of aerodynamic loads lncluding wing flexibility effects,
and ACyy 1is the incremental wing-fuselage normasl-force coefficient due

to wing inertias flexibility effects. Equation (8) may be rewritten as

ACNaga Cp

Taking the derivative of equation (9) with respect to the root or rigid
angle of attack leads to

ac mg
_ Mpad NT/ dn
me = mR oo R g g (20)

In order to determine the inertias effect, the simplifying assumption is
made that the normal acceleration across the wing span ils constant and
that
n~0CN, q2 (11)
A*W

With this assumption, equation (10) becomes

Tggq a8 OCNNg/mg
me = TR - * B g (12)

or
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Madd
i)

5 OCNp/mR
1l - qu gﬁl

(13)

mf=

Thus, in order to calculate the flexible wing or wing-fuselage 1lift-
curve slope, the following parameters are required:

(a) mp to be obtained from theory or experiment

(b) m_a_gi_ to be obtained from theory

OCN /m.
(c). —%:/l—R to be obtained from theory

S

(a) %F to be specified for flight conditions

OCNep/ e
én

The values of E%%i and were obtained by use of the

superposition method of reference 2 with some modifications. The modifi-
cations, in brief, consisted of using matrix procedures to determine aero-
dynamic and structural influence coefficients and the use of least-squares
procedures in the determinstion of the equations necessary for esteblishing
the angle-of-attack distributions across the wing as a function of span
position and aqmp, the baslc flexibility parameter. Fuselage effects

were included in the calculations by the use of an overvelocity matrix
determined using the method of reference 3. The parameters m;;d

aCNT/mR
and were calculated for gmg values of O, 1, 5, 10, 15, 20,

25, 30, 35, 40, 45, and 50 2 L and are shown in figures 9 and 10 as
£t2 deg
functions of gmg. Also shown in these figures are similar curves from
reference 4 which were used in the design of a later version of the test
sirplane. The differences between the two results are thought to be
attributeble mainly to the wing bending-stiffness distributions (BI) used
in the two cases although they may be partly due to differences in values
of two-dimensional lift-curve glopes used in each case. The NACA calcu-
lations used an EI distribution which resulted in cslculated structural
influence coefficients which closely checked. those meassured and reported
in reference 5.

Cip /TR

on
(fig. 10) may now be used to estimate the lift-curve slope for the rigid

Equation (13) and the derived curves of E%%Q (fig. 9) and
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airplane from measurements of flexlible lift-curve slopes made at various
Mach numbers end dynamic pressures. Since the gross weights of the air-
plane varied only e maximum of 10 percent from the average gross welght

of 116,000 pounds, eguation (13) may be written as

=Yels ! .
R TWR (14)
__amp  Cnp/mg
81.65 Sn

mf=
1

Curves of mp plotted egainst mp may now be drawn as in figure 1l
for various values of aqmg. Since at constant values of qmg the curves
are linear, the following equation may be written:

mp = f{amg)me (15)
_ _aop  OCNp/mg
The paremeter f(qu) = Sliggd on is given in figure 12 and,
mR
in the range of aqmp from O to 50 QDE-AL—, it may be fitted by the
ft< deg '

quadratic equation o

f(qu) = 1 + 0.009082qmp - o.ooooh479q2:nR2 (16)
Thus

mg = (1 + 0.009082qmg - 0.00004479¢%mg Jme (17)

Equation (17) may be solved as a quadratic equation for mp Or, as was
done in the present case, mp may be determined by iteration.

The rigid wing-body lift-curve slopes calculated for the 68 flight
test conditions by using equation (17) are listed in table IV along with
ldentifying £light and run numbers and Mach numbers. These slopes are
plotted in figure 13 as a function of Mach number.

Veriation of rigid lift-curve slope, mg, with Mach number.- In order

to aild in the determination of a curve giving the variation of mr with

Mach number, the data were divided into the groups (1 to 14) shown in
table IV. The welghted mean values of mp at constant Mach number were

calculated from the equation




NACA RM I56E2l1a 15

mp, = —— (18)

The welghting factor w for each mp was calculated from standard
Tormulas for determining weights with precision of measurement and data
range considered (ref. 6, for example).

The welghted mean values of mp Ilisted in table IV are shown
plotted at the group Mach number in figure 14(a). In order to establish
a function or functions of Mach number by which all 68 points might be
fitted simultaneously, the date shown in figure 1k(a) were reduced to
equivalent zero Mach number values by dividing the lift-curve slopes by
the associated swept-wing Glauert factor as

DRy = mRVl - MPcos?A (19)

The results of this operation are shown in figure 14(b) in which it
appears that the lift-curve slope follows a Glauert type variation up
to a:-Mach number of sbout 0.70 above which it could be represented as

M
Vl - MacosgA

Each point in figure 14(b) represents s weighted observation for a
limited Mach number range. In order to analyze the weighted observations
over the complete Mach nunber range for compaerison with the wind-tunnel
data, the lift-curve slope data were used in two parts. Part I contained
the data from groups 1 through 8 and was fitted by a standard weighted
least-squares equetion as

varying linearly with

1
Zwmp —
_ Jl - Mécoséﬁ
"R = 2
sl 1
) \jl - Macos%A

From the data of table IV and equation (20), the variation of mp
with Mach number below 0.70 was found to be

(20)

mp = —2:08520 (for M <0.70) (21)

1l - M2cosgA

with a standard error of fit of £0.0031. Part II contained -the data
from groups T through 1k and was fitted by an equation of the form
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AWM + B = wimg - —2:08020 \FTE oo B (22)
Vi - M2cos®n

which 1n matrix form for solution of the coefficients A and B becomes

~ -=1 )
A s MT M Z‘.wM(mR - 0.08520 )Jl - M2cos A
Vl - Mﬁcosgﬁ

B Z‘.WM2ZW Z:w(mR - 0.08520 )l - MecoseA

L - V1 - M2cos2p

Solution of equation (23) for A and B gives the variation of mp for
Mach numbers above 0.68 as

(23)

It
A
v

J

\

0.03043 + 0.0T9T4M
mR =

V1 - M2cos2a

with a standard error of t0.0031.

(for M > 0.68) (2k)

Comparison of flight and wind-tunnel rigid wing-body lift-curve .
slopes.- The variation of rigid lift-curve slope mp  with Mach number

established by equations (21) and (24) from the basic data shown in fig-
ure 13 are plotted in figure 15 as the dashed lines. The solid-line

curve shown in figure 15 is the variation of wind-tunnel rigid-model
lift-curve slope (ref. 4 or 7) with Mach number. The sgreement between
flight and wind-tunnel velues to a Mach number of 0.70 is seen to be
excellent. This agreement indicates that standard theoretical procedures
used to calculate flexible lift-curve slopes for flight conditions are
entirely adequate for the Mach number range tested since the procedure
used to obtain flexible values from rigid values is just the reverse of
the procedure used in the present case. The disagreement above M = 0.T0
may be viewed in several ways. From the standpoint of wind-tunnel testing
techniques, it might be pointed ocut that the extrapolated flight test data
depend on an assumed distribution of two-dimensional lift-curve slope
across the span which may not have the same distribution at all Mach num-
bers. Also the estimated correction factor for total upwash effects

glves a value of angle of attack ' .

Xy 0.910.:L

which mey be more in error at high Mach numbers than at low Mach numbers.

e 4
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From s flight-testing-technique viewpoint, questions may be directed
toward the validity of small-scale model tests at Mach numbers where tun-
nel disturbances may affect the results, or to the accurascy with which
the model resulis were corrected for flexibility effects. Another pos-
sible source of difference between wind-tunnel test values and flight-
test values lies in the fact that no blocking corrections were applied
to the test-section Mach nmumber. In reference T it was stated that the
uncorrected test-section Mach numbers were believed to be accurate to
within 2 percent up to M = 0.85. All in all, it is impossible to state
which data best represent the rigid wing-body lift-curve slopes azbove
M = 0.70.

Calculation of flexible wing-body lift-curve slopes.- When egua-
tions (21) and (2%) are inserted in equation (17) for mg, the flexible
wing-body faired lift-curve slope mp may be calculated for the flight

test conditions. The calculated curves of mp agsinst M for altitudes
of 20,000, 25,000, 30,000, and 35,000 feet for an average gross weight of
116,000 pounds are shown in figure 16. Also shown in figure 16 are the
measured mp values from figure 8. The family of curves is seen to fit
the data of the four altitudes with a relatively small amount of scatter.
Extrapolation of the data to lower sltitudes is limited to a value of

qmg of 50 lEE E%E’ the limit of the theoretical cdlculations made for
£t

this analysis. The calculations as noted previously correspond only to
the wing stiffness distribution for airplsnes of the type used in the
present investigaetion and not to later verslons of the same genersal
conflguration.

Angle-of-Zero-Lift Data

Direct messurements of the angles of zero lift were not availsble
from the flight test data since the airplane was restricted to flight at
positive load factors. Thus & comparison of wind-tunnel and flight data
was necessarily based on extrepolated values of angle of attack obtained
from least-squares solutions. These extrapolated values of angle of zero
lift a, are listed in table V. The extrapoletion by least-squares
analysis gives an intercept or o, value which could also be expressed

by the following equation:

Qo = Az = £ CNAC (25a)

Inssmuch as the faired values of lift-curve slope mp in figure 16 cor-

rected for tail-on conditions more nearly represent the true lift-curve
slope than the individual lift-curve slope my wilith its ilnevitable scat-

ter, the asngle of zero lift associated with the falred lift-curve slope

e
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was desired in order to represent best the data of CNAC plotted
ageinst «3 in the range of the messurements. The corrected angle of

zero 1ift would be given by the equéation
o, = &3 - 2= Oy (25b)
c 3 oaF MAC

From equations (25a) and (25b), the corrected angle of zero lift con-
slstent with a faired lift-curve slope and representing the data in the
range of the measurements becomes B

oo Tl - )

This procedure wese used to caleulate corrected valiies abc for each of

the 68 runs, the results being shown in table V and plotted in figure 1T
as a function of Mach number. It is evident from figure 17 that an
anslysls of the data in this form is next to impossible. Although in a
given flight there appears to be a trend with Mach number, the scatter
of the data from flight to flight suggests the presence of zero shifts
in the recorded angles of attack. These suspected zero shifts in no

way affect the magnitude or validity of the correction applied through
equation (26). '

Calculation of Youp* "~ For trimmed level flight, the following

expression for airplane normal-force coefficient may be written
Cy ae\St
“NAtyim = mF(“‘trim - °°°w13) + <a.T . 11( - E)F “orim ~
a

de[Cy Sy [y S¢
2.75 = —) — + (—) -3 (27a)
da\Oa /g7 S B /rgqy S8 crim

or -
CNAtrim = mFéltrim = “OWB) + Ki Uppam = 2Ky + Kz By (270)
From equation (27b) and the equation . _ _.

Cn
Ctrim = %og * —jgﬁnyn (28)
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an expression for GOWB mey be derived as follows:

- 1 i S 1
oy = o + 5 (0 G0 - 2TKe * K5 Biin) + CNAtr:Lm(“’F * mpay * ﬁ)

(29)

Values of GDWB were calculated from equation (29) by using pre-

liminary values of K and Kz based on an unpublished analysis
1> ) )

of the tail loads with angle of atteck by the authors of the present
paper and values of ag,, mp, and ap already determined in the present

peper as well as the measured trim root elevator angles Oirjy &and
normal-force coefficients CNAtrim' The results are tabulated in table V

and plotted in figure 18. Although considerable scatter still exists in
the data from flight to flight, the data in any given flight show no
consistent varistion with Mach number. Dynsmic pressure or flexibility
effects are not evident either since data for flight 12, which consist
of meneuvers at three different altitudes, exhibit no separation with
altitude.

Weighted mean values of Qoyp &Tre also listed 1n table V for each
flight. The differences exhibited between weighted values of aOWB from

flight to flight may be due to unavoidable errors in ground-zeroing pro-
cedures. A welghted mean value of Uoyg  Wes determined from all 68 maneu-

vers as

T = -3,13°

Design date (ref. 4) based on wind-tunnel dsta listed the angle of zero
1ift of the wing-fuselasge configuration as -0. 5 wlth respect to the wing
root chord line or =3.25° with respect to the present reference, the fuse-
lage sxis. In addition, 1t was stated in reference Lk that there was no
discernible varistion with Mach number. The agreement between flight and
wind-tunnel values of GDWB is consldered to be excellent.

Calculation of tail on ag.~ With a mean value of %oyp estgblished

as constant for all flights and runs, an adjusted value of o5 for
tail-on f£light conditions may be calculated as

Goggs = =313 - doyp *+ Gog (30)

~me
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The results of these computatlons are listed in tgble V and plotted in
figure 19. The differences exhibited in figure 19 are a result of wvaria-
tions of tall-cn lift-curve slope, downwash, and elevator effectiveness
with Mach number as well as fuselage flexibility effects but these dif-
ferences are not sufficiently great to warrant further anslysis.

DISCUSSION

Analysis of the test results indicstes that nmumerous corrections
must be made to the measured data if proper velues of lift-curve slopes
are to be obtained from the type of nose-boom angle-of-attack installs-
tion used. The size of the corrections may be reduced but not eliminsted
by lengthening the boom (reducing interference effects) and stiffening
the boom (reducing inertia effects). The particular corrections required
to account for lag in the present case may, of course, be eliminated by
the use of a better recording instrument. Corrections for anguler veloc-
ity effects may be reduced somewhat if a slow windup turn type of maneu-
ver is used. The windup turn maneuver is not necessarily a more suitable
maneuver since speed changes and roll and sideslip effects would then
have to be considered in an snalysis of the data. Another undesirable
feature of the windup turn maneuver 1s the reduced range of angles of
attack avallable for which normal-force coefficients are linear with
angle of attack. :

The importance of obtaining a large smount of data with duplication
of maneuvers at similar flight conditions 1s e factor which is sometimes
overlooked. In the most carefully conducted flight test program with
carefully corrected measurements, considerable scatter may still exist
in the results. Least-squares procedures may be used to analyze results
where scatter 1s present only if sufflclent dats are avallable with s
reasonable range of varisbles. A good fit to the date 1s not proof that
the coefficients derived in the process are final correct answers.

The determination of equivalent rigid values of lift-curve slope
from flight measurements on a flexible alrplane requires a careful anal-
ysis of the data. As pointed out previously, a certain amount of scatter
is unavoldable; thus, simplified plotting techniques, even if the correct
flexibility parameters are chosen, seldom produce curves that may be
extrapolated to rigid conditions. In view of the fact that the basic
flexibility perameter quz  1is the product of the dynsmic pressure g

and the unknown rigid lift-curve slope mg, the use of a plotting tech-

nigue is doubly difficult. It 1s thus necessary to reduce the flight

data to equivalent rigld values by theoretlcal load distribution calcu-
lations and calculated or experimental deflectlon characteristiecs. Since
the basis of the theoretical load distribution calculations is an adequate

i
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determinstion of the two-dimensional wing lift-curve slope distribution,
the whole process is unfortunately somewhat dependent on wind-tunnel
pressure-distribution tests. When the reverse process is used, that is,
the calculation of flight test values from wind-tunnel tests and theory,
the same accurate basic information is required.

CONCLUDING REMARKS

Flight measurements of airplane lift-curve slopes and angles of
zero 1lift for a large flexible swept-wing eirplane as obtained for
68 push-pull maneuvers in a Mach number range from 0.k2 to 0.81 at alti-
tudes from 20,000 to 35,000 feet have been presented.

The lift-curve slopes obtained from flight conditions where flexi-
bility is a factor were analyzed to determine airplane tail-off rigid-
wing values which showed excellent agreement with rigild wind-tunnel data
for a model of the airplane up to a Mach number of 0.70. In the Mach
number range from 0.70 to 0.81, however, the flight rigid values of 1ift-
curve slope show a more rapid increase with Mach number than the wind-
tunnel data.

The agreement obtained between flight end wind-tunnel results 1indi-
cates that in the Mach number range tested standard design calculation
methods would accurately predlct flexible lift-curve slopes if the basic
two-dimensional lift-curve-slope deta and wing-stiffness data are
accurate.

Analysis of angles of zero 1ift for tail-off conditions indicated
good agreement with wind-tunnel results both in magnitude and in lack
of variation with Mach number.

In the course of the investigetion and as detailed in the present
paper, new approaches to analysis procedures believed to be of interest
were used. Speclifically these were (a) the determinastion during abrupt
maneuvers of lift-curve slopes from instrumentetion which had a large
amount of lag and (b) the conversion of flight measurements of 1ift-
curve slopes on & flexible alrplene to rigid conditions according to
physically correct equations.

Langley Aeronautical ILaborstory,
National Advisory Committee for Aeronsutiecs,
langley Field, Va., May 9, 1956.
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APPENDIX

CORRECTIONS TO BASIC DATA

Corrections to Angle-qf=Attack Meassurements

At any instant in a maneuver, the measured angle of attack at the
vene (assuming no alinement errors and that the flosting angle is zero)
is related to the true angle of attack of the alrplane through the fol-
lowlng egquation: _ ) . -

ay =% ¥ (”wing * Mpoom * MPruselage * D s + bag, + Aaia) (a1)

where the terms in parenthesis are in the'nature of small corrections
due to upwash, pitching velocity, and boom bending.

The upwash at the vane due to the wing may be calculated from the
following expression which uses a swept-horseshoe-vortex system to deter-
mine the flow direction at points 1In space not on the quarter-chord line

of the wing:

ey “('r+tan1\_)2+l-'-r-—£ﬁn—é
Mying == 5|1 - Il o) (a2)
ng o iR T

The angle of attack of the wing is the angle of attack of the fuselage
reference axis plus the wing incidence angle of 2.75°. With numerical
values inserted, equation (A2) becomes

Mying = 0.0b:6(ap + 2.75)

(Since this 1s a correction, an average value of Clg = 0.100 was used. )

The upwash at the vane due to the flow arcund the boom may be esti-
meted with good accuracy from the equation for two-dimensional flow
around & cylinder as

Fboam = (§)2a2 (83)

With numericel values inserted, thils becomes

Mpoom = 0+0135%z
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The upwash induced at the vane from the fuselage based on some very
limited fllght test data 1s spproximated by

2
= (T
Hruselage = (E) el (ak)
Substituting the dimensions of the fuselage radius at the original nose,
equation (A4) is numerically equal to

Hruselage = 0.037502
Equation (Al) mey be rewritten as

_a.l-O.la-Aa.lé—Aa.]_i-Aa,la
. = (85)
27 1 + 0.0446 + 0.0135 + 0.03T75
or '
ap = O.915<ccl - 0.12 - Mog. - Acy, - Acx,la)

The correction due to the aerodynsmic loasding Aala on the boom

was found to be so smell that even at the highest dynamic pressure of
the tests the measuring error due to this parameter would be less than
0.01°.

The pitching-velocity correction térm is

-x 8
PaYe s =i
18 v

With xy equal to 58 feet and V measured in feet per second, 6
in radians per second, and Aﬂlé in degrees, the pitching-velocity cor-
rection term becomes

Mg = -3323

<|(Dn

(46)
The negative sign is due to the fact that positive pltching velocities
deflect the vane tall downward relative to the boom (a negative indica-
tion of angle of attack)

The boom inertia bending correction term Ay

{ wag calculated by
using measured influence coefficients and the known weight distribution
of the boom and head as

O
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Bay, = =0.353 (Byo0n - 1)

The negstive sign results from positive load factors decreasing the angle
between the boom and the vane axls.

With : =

Dyoom = Pm + %(distance between vane axis and accelerometer)

then

oy, = =0.353 (g - 1) - 0.6508° i (A7)

The substitution of equations (A6) end (A7) into equation (A5) with
Aala = O results in the equation used to correct the flight measure-

ments of angle of attack:

ap = 0.91ay - 0.11 + 303k & + 0.322(ny - 1) + 0.5938 (88)

Corrections to Airplane Normal-Force Coeffilcients
The airplane normal-force coefficient is deflned as
nch
ONy = g5~ (A9)

Since normal-load factors were measured with NACA accelerometers mounted
at fuselage station 638 (34.2 percent of the wing M.A.C.), & correction
is required to the measured load factor to.determine the normal-force
coefflecient for perticular center-of-gravity p051tions. Thus, equa-
tion (A9) becomes

V4w og
CNp = 5 + g 5 (A10)

where d 1is the dlstance between the accelerometer and the center of
gravity.

With numerical values inserted, equation (A10) becomes

n w 0.Lo2W
as TS

e -7 LI

Ony = 100
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During the maneuvers used for the analysis of the data of the present
report, pitching accelerations as high as 0.5 radians/sec2 were encoun-
tered. Since the airplane is out of trim whenever appreclable pitching
accelerations exist, the angle of attack and the asirplane normasl-force
coefficlents are no longer linearly relsted. A correction can be made
to the values of Cyp, deduced from the data by assuming that ACNy

(the vertical-reaction load coefficient due to pitch) is proportional to
the piltching moment of inertia tail load as follows:

|

T8 (A12)
S

ACNg =

@
Q

An estimated average value of 28,000 lb/radian/'sec2 based on an average
pitching moment of inertia was used for dLI/de. The value of airplane

normgl-force coeffilicient for trimmed f£flight corresponding to the cor-
rected angle of attack as becomes

_ By o.uozw( _c-g-)-- 19.61 g
CNAC—qS + 5 0.342 o) 8 + 2 ] (A13)
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TABIE I.- TEST AIRPIANE CHARACTERISTICS AND

Total wing area, sgq ft .
Wing span, £t « « ¢« « o « &
Wing aspect ratio . . . .

Wing taper ratio .« « « o
Wing mean aerodynamic chord, £t .
Wing sweepback (25-percent chord line), deg
Total horizontal~tall area, sq ft . . « « &
Airfoll section + o ¢ o o« &« ¢ o« & . .« .
Airfoil thickness ratio (parallel to center

line), percent

DIMENSIONS

27
. 1,428
. 116
. 9.h2
. 0011'2
. 13
. 35
L] 268
BAC 145
. 12
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TABIE IT.~ SUMMARY OF FLIGHT CORDIZIONS
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TABLE ITT.- VALUES (F LIFT-CURVE SLOFE AND ANGLE OF ZERO LIFT

NACA RM IS56E2l1a
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TABLE IV,- RIGID WING-BODY VALUES OF LIFT-CURVE SLOPE

Flight Run 3::1: 3::? U;mhtins "3
mber e aabor, (eq. (27)) (e:“(lﬂ))

n 2% o.h27 0.k29 21 0,0870 .0.0951
12 28 J27 9 20953

16 5 J28 13 0950

16 [ &33 29 0950

12 27 0.482 0.k86 17 0.096k 0.0946
16 5 J82 10 «0978

12 17 483 20 0925

[ 21 486 13 099

n 11 495 23 0536

12 18 0.9%2 0.5%1 16 0.0955 0,0960
% 12 % 28 -0560

3 . 9 0995

12 26 K 5& 16 0969

8 k . 16 0936

12 6 0.58% 0.595 39 0.0933 0.0968
L 20 561 g «1029

12 25 595 15 .

11 13 597 18 <0990

10 3 308 22 1008

9 1 598 36 +0971

16 2 599 9 .1010

12 19 _.600 25 0930

5 % 0.63L 0.635 2 0.0985 0.0963
2 27 636 10 1036

1 1% 636 17 ' 1003

12 20 637 19 0971 ]
12 T 0.6h2 0.64h 3h 0 0.0951
12 2 SLhe 13 323

16 1 Eh2 1w 1001

6 13 643 & «1002

9 2 ST 0 1082

10 & SHT 27 1003

8 5 . 31 0946

12 8 0.679 0.681 37 0.0998 0.105%
9 3 681 5 +1051

10 5 .681 8 1217

11 15 681 16 «1050

12 21 £82 9 »1012

3 0.689 0.695 17 0.0982 0.1029
6 E 690 5 +10%

12 22 694 10 W1

k 19 695 T 1062

1 16 702 15 1052

12 9 '0.T21 0.726 15 0.1072 0.1203
17 T <725 & L1151

10 6 % 11 .mloao

3 12 . .

9 L 3 ig .2160

11 17 0. T34 0.736 T 0,1106 0.1081
12 23 5 3 1051

2 28 T35 5 ,1186

6 13 ST 2 »1055

3 - 1 0.T50 0.758 3 0,113%5 0.1150
8 6 58 11 L1126

27 6 162 10 kT

10 T .T63 5 1219

12 10 0.713 0.776 17 0,1150 0.1185
S ] T3 20 «1224

6 1 0.789 0.791 3 0,1200 0.1246
0 8 <789 i L1213

6 12 .T90 2 1280

12 1 .790 11 J1225

9 6 T8 5 25

2 29 796 2 ol .
17T -] 0.808 0.810 5 0,1262 0.1285
9 T 820 1 1290

10 9 812 5 .1280

12 12 812 3 21297
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TABIE V.- ANGLE-OF-ZERO-LIFE DETERMINATION
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1=86692

Figure 1l.- Side view of test airplane.



Figure 2.- Nose-boom, angle-of-attack,

I=79626
and alrspeed installations.
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Figure 3.- Time historiee of measured and calculated guantlties for

flight 9, run 1.
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Figure 4.- Time histories of measured apd calculated quantities for

flight 12, run 6.
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Figure 5.~ Varistion of corrected airplane normsl-force coefficlent with
angle of attack @y and angle of attack corrected for lag oz for

data of figure 3.
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Figure 6.~ Variation of corrected airplane normsl-force coefficient with
angle of attack oy and angle of attack corrected for lag az for

data of figure k.
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Figure 7.~ Alrplane lift-curve slope as a function of Mach number and
altitude.
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Figure 8.~ Tall-off lift-curve slope as a function of Mach number and
altitude.
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Figure 9.- Lift-curve-slope ratio as a function of flexibillity parameter.
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Figure 10.~ Inertia flexibllity parameter as a function of flexibility
parameter.
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Figure 1l.- Flexible lift-curve slope as a function of mp and qug.
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Figure 12.- Lift-curve-slope ratio f(qu) = mR/mf as a function of
flexibllity parameter.
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Figure 13.- Flight values of tail-off lift-curve slopes converted to
rigid conditions (qug = 0).
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Figure 1i4.~ Weighted lift-~curve slopes ag a function of Mach mmber.
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Figure 15.- Comparison of wind-tunnel rigid model and flight~test rigld
tail-off 1ift-curve slopes.
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Figure 16.- Comparison of measured and caleulsted lift-curve slopes at
test altitudes.
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Figure 17.- Corrected angles of zero lift by flights.
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Figure 18.- Tail-off angles of zero 1lift by flights.
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